 This is the first study to investigate the functional relationship between catecholaminergic A1/C1 neurons and GG muscle activity during natural sleep.
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Introduction
Obstructive sleep apnea (OSA) is a sleep-related breathing disorder that has a prevalence of 13% in men and 6% of women in the United States (Peppard et al., 2013) . OSA is characterized by recurrent episodes of partial or complete upper airway obstruction during sleep due to, at least in part, a depressant effect of sleep on upper airway muscle tone . Individuals with chronic OSA are at increased risk for neurocognitive, cardiovascular, and metabolic disorders (Kheirandish et ). Despite substantial advances in both clinical and basic research, our understanding of the neural mechanisms underlying OSA pathogenesis and the circuitry involved in atonia of upper airway muscles remains incomplete.
Among upper airway muscles that are innervated by hypoglossal motoneurons (XIImns) (Dobbins and Feldman, 1995; Altshuler et al., 1994; Saboisky et al., 2007; Fregosi and Ludlow, 2014) , the genioglossus (GG) muscle is the most important dilator because its activation increases airway caliber (Remmers et al., 1978; Brennick et al., 2009 ). The activity of both XIImns and GG muscle is reduced during non-rapid eye movement (NREM) sleep and it is further suppressed during rapid eye movement (REM) sleep (Sauerland and Harper, 1976 With respect to monoaminergic mechanisms, serotonergic (5HT) and noradrenergic (NA) drive to XIImns originates from brainstem 5HT and NA neurons that have axonal projections to the XII nucleus (Aldes et al., 1992; Manaker and Tischler, 1993; Rukhadze and Kubin, 2007; and exhibit state-dependent patterns of activity (Aston-Jones and Bloom, 1981; Reiner, 1986; Jacobs and Azmitia, 1992; Rukhadze et al., 2008) . As the contribution of NA to depression of XII nerve activity during REM sleep-like state was determined to be relatively stronger than 5HT in both, anesthetized (Fenik et al., 2005a; Fenik, 2015; Kubin, 2014 Kubin, , 2016 ) and behaving rats (Sood et al., 2005; Chan et al., 2006) , our research activity has focused most intensively on NA mechanisms. The role of different pontine NA neurons was assessed in functional studies, which have concluded that among the NA groups tested (A5, A7, SubC and LC) A7 neurons provide the major NA excitatory drive to XIImns (Fenik et al., 2002 (Fenik et al., , 2012 . Importantly, however, the role of A1/C1 neurons was not tested in these previous studies. Therefore, we sought to determine the effect of acute inhibition of A1/C1 neurons on the activity of GG muscle in naturally sleeping mice using a chemogenetic approach.
In the present study, we tested the following two hypotheses: 1) A1/C1 CA neurons contribute to the maintenance of XIImns activity, and 2) the activity of A1/C1 neurons contributes to state-dependent modulation of XIImns. A preliminary report has been published 
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C57/6J mice to generate heterozygote DBH Cre-driver mice that were used in our experiments (see Results).
Given ATG targeting of Cre recombinase, we did not use homozygous DBH-cre mice in our experiments. belly of digastricus was separated into two parts at the midline and for each wire the needle was inserted into the ventral surface of the tongue on the opposite sides of the midline, toward the base of the tongue close to the mandibular symphysis. Implantation of GG electrode closer to this point at the mandible produces less instability of the muscle-electrode interface thereby reducing scarring, which improves signal quality (I.
Surgery and stereotaxic injections
Rukhadze, unpublished observations in rats and mice). Each time when the needle was gently withdrawn leaving the wire in the tongue, the wire was tied to the tongue surface by two knots using non-absorbable silk sutures. To record activity of the diaphragm, the same wires with insulation removed over ~10 mm at the recording end were passed through the sternal diaphragm on both sides of the midline and the bared ends of the wires were anchored to the inferior part of the sternum. GG and Dia recording electrodes were connected to the recording amplifiers and, if needed, the depth of the GG recording electrodes was optimized by gentle repositioning of the inserted wires until a strongly modulated inspiratory EMG could be recorded ( In separate experiments, sectioning of XII nerves on both sides abolished the activity that was recorded with GG recording electrodes, which confirmed that the recorded inspiratory EMG was fully controlled by XII motoneurons (Fig. 1C, D) . The respiratory modulation of the tongue EMG in addition to the location of recording electrodes inclined that the activity was originating from GG muscle.
Subsequent histology verified the locations of EMG electrode tips within boundaries of the GG muscle (Fig. 1E ).
Instrumentation for monitoring of sleep-wake behavior and genioglossus muscle activity.
Two weeks after AAV injections, mice were anesthetized with ketamine/xylazine IP (100 and 10 mg/kg, respectively) and implanted with two EEG screw electrodes (Pinnacle Technology) and a pair of neck electromyogram (EMG) flexible electrodes with sockets (Plastics One) that were previously soldered to a 6-pin connector (Heilind Electronics Inc.). For the recording of GG muscle activity, EMG electrodes were implanted bilaterally into the tongue at its pharyngeal region as described above. The free wire ends were tunneled subcutaneously towards to the head and connected to the miniature 6-pin connector (together with the neck wires and those attached to the EEG screws). The assembly was secured to the skull with dental cement (A-M Systems). The scalp wound was closed with surgical sutures and the mouse was given antibiotic (Metacam, 5 mg/kg, i.m.) and analgesic (Buprenprphine, 0.5 mg/kg, i.m.). Following surgery, the mice were kept in a warm environment until normal body activity was resumed and they were returned to home cages. 
hM4Di-AAV and

Scoring of sleep-wake states and data analysis.
Data analysis was performed on animals that have satisfactory recordings of EEG and neck/GG EMGs, i.e., the recorded signals correlated with the state transitions and followed the behavioral activity of the animal with no evidence of malfunction of the implanted electrodes and with verified location of recording electrodes in the GG muscle. The behavioral states were defined using 1) the Spike-2 scoring and spectral analysis script by 10-s epochs according to the state that occupied more than 50% of the epoch duration; 2) visual analysis of the cortical and neck signals, and 3) the Spike-2 power spectrum analysis of cortical EEG. Wakefulness was recognized based on the presence of a low-amplitude and high frequency "desynchronized" EEG accompanied with a high amplitude erratic neck EMG. NREM was characterized by a high-amplitude and low frequency "synchronized" EEG accompanied by a low level and relatively stable neck EMG and a regular respiratory rate. REM sleep followed relatively prolonged periods of NREM sleep and was defined based on the desynchronized EEG with a prominent peak in the power spectrum at 5-8 Hz ("theta rhythm"), further reduction of neck EMG ("muscle atonia") followed by muscle twitches that increase toward the end of REM sleep, and an irregular respiratory rate. We calculated the duration of wakefulness, NREM and REM sleep; the tidal volume and respiratory rate; and the mean amplitude of rectified neck and GG EMG. The measurements were obtained during 1-hour periods "before" saline/CNO injections (from 11:00 to 12:00) and "after" saline/CNO injections (from 15:00 to 16:00).
Statistical analysis. For statistical analyses of the CNO effect, we used two-tailed paired Student's t-test
and two way repeated measures analysis of variance (ANOVA) with two factors: saline vs. CNO and before vs.
after injections. The variability of means is characterized by the standard error (SE) throughout the report.
Differences were considered significant at p<0.05.
Histological procedures.
Mice were deeply anesthetized with ketamine (100 mg/kg) and transcardially perfused with 100 mL of phosphate-buffered saline (PBS) at room temperature followed by 50 
Histological verification of GG muscle recording sites in the tongue:
Prior to perfusion, in deeply anesthetized mice, a low intensity (18 A) positive current was passed through the GG recording electrodes for 60 s to deposit iron ions (Fig. 1E) . After the perfusion, tongues were removed, postfixed and cryoprotected and serially cut into 50 microns parasagittal sections and mounted. Using the Prussian blue iron staining kit (Polysciences, Inc #24199) that results in dark blue staining of iron deposit (Fig. 1E) , we verified the location of GG recording electrodes with a brightfield microscope at 4x and 10x (Olympus CHBS).
Results
Cre-dependent gene expression in brainstem catecholaminergic neurons of DBH-and TH-cre mice.
We compared specificity of Cre-dependent gene expression in brainstem SubC, A7, A5 and A1/C1 CA neurons between transgenic TH-cre mice and the more recently developed DBH-cre mice. In the TH-cre mice
Cre recombinase is under the control of tyrosine hydroxylase (TH) promoter whereas in DBH-cre mice Crerecombinase is expressed under the DBH promoter in all CA cells. Following dual fluorescent immunohistochemistry, we examined the distribution pattern of TH-positive (TH+) (Fig. 2A, green) , tdTomato-positive (tdTomato+) (Fig. 2B, red) and double-labeled (Fig.2C , yellow-orange color) A1/C1 neurons in a DBHcre mouse. We found that the distributions of TH+ CA neurons in locus coeruleus (LC), sub-coeruleus (SubC), A7, A5 and A1/C1 in both mouse lines are similar to that described previously in rats (Rukhadze and Kubin, 2007; Rukhadze et al., 2008) . We counted the total number of TH+ neurons, double labeled TH+/tdTomato+ and TH-/tdTomato+ (ectopic expression) in these CA regions. The ectopic expression (number of TH-/tdTomato+ neurons relative to the total tdTomato+ neurons) in DBH-cre mice mouse (n=1) was lower for most CA regions (SubC 0.0%, A7 0.0%, A5 25.0%, A1/C1 30.0%) (Fig. 2C, H, I , J) as compared to TH-cre mouse (n=1) (SubC 18.9%, A7 22.2%, A5 50.0%, A1/C1 35.7%) (Fig. 2G, K A7, A5 and A1/C1 regions tended to be higher in DBH-cre mice when compared to the TH-cre mice (84.2 % ± 7.9 vs. 79.6 % ± 9.0). We therefore opted to use DBH-cre mice rather than TH-cre mice for our study. As expected, injections of AAV-hM4Di into the A1/C1 of this line of DBH-cre mice show strong co-expression of the hM4Di receptor expression (red) in TH+ A1/C1 neurons (green) (Fig. 2D ).
[ Fig. 2 near here] 
Recording of genioglossus muscle activity in naturally sleeping mice.
All experimental mice following habituation to the plethysmograph chamber and recording conditions (Fig. 3A) exhibited normal pattern of the sleep-wake behavior. During wakefulness, the GG and neck muscles displayed the highest amplitude of tonic or phasic activity (Fig. 3B) . The amplitude of both GG and neck muscle activity was significantly reduced and became more stable and predominantly tonic during NREM sleep. The REM sleep atonia in the GG muscle always preceded that in neck muscles, which occurred at the transition from NREM to REM sleep. The characteristic phasic "twitches" in GG muscle activity appeared during REM sleep and gradually increased toward the end of this state. Despite a strong inspiratory modulation under anesthesia, the GG muscle activity had mostly non-respiratory pattern of activity and only occasionally, inspiratory activity occurring during NREM sleep. Overall, the behavior of GG muscle activity was similar to that in rats (Rukhadze [ Fig. 3 near here] 
Inhibition of A1/C1 CA neurons specifically decreases GG muscle activity in freely behaving mice.
When measured during NREM sleep, selective inhibition of A1/C1 neurons by CNO injections into the DBH-cre mice expressing hM4Di receptors in A1/C1 neurons resulted in suppression of tonic GG muscle activity as compared with saline (control) injections in the same mice (n=4) (Fig. 4A ). Mean GG muscle activity during NREM sleep tended to increase from the morning measurements (before saline injections) and the measurements made afternoon (after saline injections) in control experimental sessions: from 31.6 AU (arbitrary units) + 12 to 37.2 AU + 13. However, CNO injections reduced mean GG muscle activity from 34.9 AU + 7.8 to 28.1 AU + 5.4 (Fig. 4B) . The depressant effect of CNO on GG EMG was statistically significant (F1,1,3=17.1, p=0.026, ANOVA, n=4). In contrast with that observation, neither the amplitude of neck EMG, respiratory rate, tidal volume or the duration of states was changed during NREM sleep after the CNO when compared with saline injections in the same mice (Fig. 4C-F) . These data suggest that chemogenetic inhibition of A1/C1 neurons has a specific effect on GG muscle activity.
[ Fig. 4 
near here]
The relative changes in GG and neck EMG after the saline/CNO injections were compared to their EMG levels before the injections during NREM sleep (Fig. 5) . In control sessions, the relative increase of GG muscle activity after saline injection was to 122 % + 6.0. The CNO injection decreased GG EMG to 81.8 % + 4.6
relative to its pre-injection level (p<0.01, paired t-test, n=4). The relative changes for neck EMG were essentially the same in both control and CNO sessions: 97.7 % + 2.4 and 94.7 % + 5.7, respectively. The individual effects of CNO on GG muscle activity were consistent in the magnitude and direction in all animals (Fig. 5B ).
[Fig. 5 near here]
During wakefulness, CNO injections tended to decrease the amplitude of GG EMG (180 AU + 39 before and 120 AU + 37 after, CNO) as compared to saline sessions (153 AU + 24 before and 142 AU + 37 after, saline).
In relative units GG EMG decrease also tended to be larger in CNO sessions as compared to saline sessions:
72.7 % + 20 vs. 91.2 % + 18 (not significant, paired t-test, n=4). During REM sleep, the CNO injections had no effect on GG EMG because the activity of GG muscle showed no activity during REM sleep and hence an effect of CNO could not be determined.
Effect of CNO on the magnitude of sleep-related depression of GG muscle activity.
Our next objective was to determine whether acute inhibition of A1/C1 neurons altered the magnitude of relative suppression of GG muscle activity that occurs following transitions from wakefulness to NREM sleep.
After saline injections, the GG muscle activity decreased during NREM sleep by 62.1 % + 21 (n=4) relative to its activity during wakefulness (Fig. 6) . The mean GG muscle activity decreased during both wakefulness and NREM sleep after CNO injections (Fig. 6) . However, and contrary to our expectations, NREM-induced depression of GG muscle activity following CNO injections was 66.6 % + 11, which was similar or higher to that obtained after saline injections.
[ Fig. 6 near here]
Discussion
This is the first study to report on the activity of the GG muscle in behaving mice and to assess the functional role of CA A1/C1 neurons in the control of GG muscle activity during sleep and wakefulness. The major findings of this study are 1) the activity of A1/C1 neurons has a net excitatory effect on GG muscle activity; and 2) the activity of A1/C1 CA neurons does not contribute to NREM sleep-related suppression of GG muscle activity.
Important antagonists into XIImns in urethane anesthetized rats (Fenik et al., 2004 ). It has also been shown that a combination of NA and 5HT antagonists is both necessary and sufficient to abolish depression of XII nerve activity during REM sleep-like state (Fenik et al., 2005a) , with the contribution of NA being larger than 5HT (Fenik et al., 2005a; Kubin, 2014 Kubin, , 2016 Fenik, 2015) . These findings were confirmed by reports that NA has a significant contribution to REM sleep-related depression of GG muscle activity in naturally sleeping behaving rats (Chan et al., 2006) whereas the contribution of 5HT was minimal (Sood et al., 2005) .
The role of glutamate and acetylcholine in REM sleep-related depression of XIImns has been suggested by an in-vitro study, in which glutamatergic excitation of XIImns was presynaptically inhibited by muscarinic mechanisms (Bellingham and Berger, 1996) . However, the investigation of glutamatergic mechanisms in behaving rats did not provide sufficient evidence to either support or refute the role of glutamate in this phenomenon (Steenland et al., 2008) . In addition, no changes in the level of glutamate were detected in XII motor nucleus during REM sleep (Kodama et al., 2003) . Recently, muscarinic inhibition has been reported to play a significant role in REM sleep-related depression of GG muscle activity mediated by G-protein-coupled inwardly rectifying potassium channels in behaving rats (Grace et al., 2013) .
The density of NA terminals that closely apposed to GG motoneurons in the ventral region of XII nucleus increased in rats that were exposed to chronic-intermittent hypoxia, i.e., conditions mimicking OSA (Rukhadze et al., 2010 ). This finding is consistent with increased GG muscle tone in OSA patients (Mezzanotte et al., 1992 ). In our previous anatomical studies using retrograde tracers, we showed that the A1/C1, A7, LC, SubC NA mechanisms appear to make an important contribution to REM sleep-induced depression of XIImns and the role of NA neurons in maintenance of XIImns activity was assessed in previous functional studies. For example, it was found that clonidine-induced decrease in activity of A7 neurons, but not A5, LC or SubC neurons, reduced activity of XIImns in anesthetized rats (Fenik et al., 2002 (Fenik et al., , 2012 . As indicated, the role of A1/C1 neurons was not tested in these studies. We therefore decided to investigate the effect of inhibition of A1/C1 neurons on upper airway muscles in behaving animals using the DREADD technique because 1)
precise targeting of neural structures by nanoliter microinjections of agonists and antagonists is not feasible in behaving animals, and 2) the microdialysis approach can potentially damage the A1/C1 nucleus in mice. In addition, by using the DREADD technique we were afforded the opportunity to work with behaving animals and thereby assess the contribution of A1/C1 neurons to state-dependent modulation of GG muscle activity. We found that AAV-hM4Di receptor-mediated inhibition of A1/C1 neurons specifically decreased the activity of GG muscle during NREM sleep and had a tendency to do so during wakefulness.
Since A1/C1 neurons do not demonstrate strong state-dependent activity , the contribution of these neurons to state-dependent modulation of XIImns activity would not have necessarily been predicted. However, as stated, it is possible that presynaptic mechanisms (Bellingham and Berger, 1996) might control the release of NA from the A1/C1 terminals to XIImns and, if so, this would permit A1/C1 neurons to contribute to state-dependent depression of GG muscle. We tested this hypothesis by analyzing the relative decrease of GG muscle activity during the transition from wakefulness to NREM sleep. If our hypothesis were correct, one would expect that the relative NREM sleep-induced depression of GG muscle activity would decrease after CNO as compared to saline injections. However, NREM-induced GG muscle depression did not decrease further following CNO injections, suggesting that the activity of A1/C1 does not contribute to the naturally occurring inhibition of GG muscle during transitions from wakefulness to NREM sleep. We did not test the effect of CNO on GG muscle inhibition during REM sleep for reasons that are discussed below.
In this study, our assessment focused on A1/C1 inhibition of GG muscle activity under normal isocapnic condition. Under this condition, similarly to naturally sleeping rats (Rukhadze et al., 2011 Fenik et al., 2013) , GG muscle activity was absent during REM sleep in our mice precluding the quantification of CNO effects during this state. We did not use CO2 to activate GG activity over the concern that doing so would potentially affect experimental outcomes. However, stimulation of breathing with physiological levels of CO2
would be less of a concern if one were to study the relative contribution of different modulators of GG muscle activity under the same hypercapnic conditions during REM sleep state. However, we believe that any possible influence of blood pressure changes, secondary to CNO administration, on GG activity was negligible for two reasons: 1) since A1 neurons provide inhibitory control over C1 neurons (Granata et al., 1985) , the simultaneous inhibition of both neural groups by CNO in our experiments likely resulted in minor or no changes in blood pressure; 2) since an increase in blood pressure inhibits respiratory discharges but not tonic activity in hypoglossal nerve (Wasicko et al., 1990) , changes in blood pressure were unlikely to affect the tonic GG activity that was recorded in our experiments. In addition, we cannot exclude the possibility that inactivation of A1/C1 neurons during wakefulness may have reduced the frequency of oral behaviors (i.e., eating, drinking, grooming etc.), which, in turn, could have contributed to the tendency of GG activity to decrease. In summary, our data demonstrate that medullary A1/C1 CA neurons, similar to previously established pontine A7 noradrenergic neurons, are involved in control of upper airway muscle activity .
We found that acute and selective inhibition of A1/C1 neurons 1) decreased the activity of the GG muscle during NREM sleep, but 2) does not alter the magnitude of naturally occurring depression of GG muscle during transitions from wakefulness to NREM sleep. These findings suggest that A1/C1 neurons represent an important state-independent mechanism to protect upper airway from collapse during sleep onset in OSA patients.
Disclosures: The authors have indicated no financial conflicts of interest. wakefulness and NREM sleep. After saline, the GG EMG reduced significantly from wakefulness to NREM sleep (the relative NREM-induced GG depression was 62%). After CNO injections, the amplitude of GG muscle activity during both wakefulness and NREM sleep tended to decrease as compared to saline sessions, however, the relative NREM-induced GG muscle depression was 67% (the difference was not statistically significant). If the activity of A1/C1 neurons contributed to the NREM-induced GG muscle depression, then the relative magnitude of the NREM-related GG muscle depression would be decreased after CNO injections as compared to saline. The absence of changes in this depression, or even a tendency to increase (from 62% to 67%), suggests that A1/C1 neurons do not contribute to the NREM-related GG muscle depression.
